Abstract. We use the Global Positioning System (GPS) network in northwest China and central Asia to monitor traveling ionospheric disturbances (TIDs), which were possibly excited by the large meteorite blast over Chelyabinsk, Russia, on 15 February 2013. Two TIDs were observed. The first TID was observed 13 min after the blast within a range of 270-600 km from the blast site. It propagated radially from the blast site with a mean velocity and period of 369 m s −1 and 12 min, respectively. The second TID was found in northwest China, 1.5 h after the time of the blast, at ∼ 2500-3100 km from the blast site. This latter TID propagated southeastward with a velocity and period of 410 m s −1 and 23 min, respectively. Severe dissipation of the perturbation total electronic content (TEC) amplitude was observed. Any TIDs propagating in a global range was not found after the meteorite blast. Features of TIDs were compared with those excited by early nuclear explosion tests. It is inferred from our analysis that the energy release of the Chelyabinsk meteorite blast may not be large enough to excite such ionospheric disturbances in a global range as some nuclear explosions did.
Introduction
On 15 February 2013, a large meteorite entered the atmosphere near the city of Chelyabinsk, Russia (54.80 • N, 61.10 • E). According to calibrated video observations, the meteorite was characterized by a diameter of ∼ 19.8 m and a mass of ∼ 1.3 × 10 7 kg (Popova et al., 2013) . It was first observed at an altitude of 97 km, moving hypersonically towards the northwest at a shallow entry angle (Borovička et al., 2013) . It began to fragment at an altitude of 83 km under the combined stresses of heating and air drag. The meteorite's peak blast occurred when it reached an altitude of ∼ 30 km at 03:20 UT, with an energy equivalent to∼ 500 kt of trinitrotoluene (TNT; Borovička et al., 2013) . This was the most energetic meteorite blast on Earth since the 1908 Tunguska event.
Following the Chelyabinsk meteorite blast, infrasound perturbations in air pressure were observed by ground-based infrasound sensors across the entire globe (Brown, 2013) . The propagation of this long-distance infrasound-wave is probably driven by acoustic waveguides below an altitude of 40 km (Pichon et al., 2013) . At much higher altitudes, ionospheric disturbances caused by the meteorite blast were observed by the backscatter radar at the ARTI observatory, which is located some 200 km from the blast site (Berngardt et al., 2013) . The radar observed a series of perturbations in the F-layer electron density, which propagated with velocities of 250, 400 and 800 m s −1 . Ionospheric disturbances that occurred after the meteorite blast were also seen in total electronic content (TEC) data observed by the ARTU Global Positioning System (GPS) station, which is located at 242 km from the blast site (Gokhberg et al., 2013) . Recently, Yang et al. (2014) used the global GPS network to observe the ionospheric disturbances that occurred following the meteorite's descent. They recorded three types of disturbances that may be associated with the meteorite blast: high-speed ionospheric perturbations near the blast site, low-speed disturbances within 300-1500 km from the blast site and highspeed disturbances in North America. However, due to a discontinuity of the GPS networks in different continents, the study of such global-scale propagation of ionospheric disturbances is still ongoing.
In this paper, we used the dense GPS network coverage in central Asia and northwest China to monitor propagation features of the traveling ionospheric disturbances following the Chelyabinsk meteorite blast. The Chinese network was operational within a horizontal range of at least ∼ 3000 km from the blast site. Because there are few ionospheric stations in the near-field area of Chelyabinsk, the GPS network in northwest China appears to be the nearest dense observational network suitable for observations of the ionospheric effects associated with the meteorite blast.
Observations
TEC data from 75 GPS stations were used in our study. A total of 69 stations were located in northwest China and belonged to the GPS network of the Chinese Meteorological Administration, and another six stations belonging to International Global Navigation Satellite System (GNSS) Service (IGS). Figure 1 shows the geometry of the observations. All GPS stations recorded the carrier phase and pseudorange measured at two frequencies (f 1 = 1575.42 MHz; f 2 = 1227.60 MHz) with a time resolution of 30 s. Based on this information, we calculated the slant TEC for every GPS satellite-receiver pair and converted it to the corresponding vertical TEC. Cycle slips and instrumental bias were corrected by reference to data from global ionospheric maps (Noll, 2012) . Next, we obtained the perturbation TEC by subtracting the 30 min running average from the TEC series. Figure 2 shows the ionospheric TEC disturbances recorded at the ARTU GPS station, which is the GPS station nearest to the meteorite blast site. Approximately 13 min after the blast, at 03:33 UT, obvious disturbances appeared in the TEC series for satellite PRN 15, 18, 26 and 29 (see Fig. 2a ). The perturbations lasted ∼ 37 min until 04:10 UT. The same disturbances were not noticeable for other satellites (i.e., PRN 16 and 21). As seen from the perturbation TEC series (see Fig. 2b ), the perturbation was characterized by an "N"-shaped shock front with a maximum amplitude of 0.35 TECU (total electron content unit, 1 TECU = 10 16 electrons m −2 ) and an average period of 12 min. Figure 2c indicates that the traveling ionospheric disturbance (TID) propagated radially from the blast site. The TEC perturbations occurred at 270-600 km from the blast site (see Fig. 2c ). The horizontal propagation velocities, as estimated by dividing the propagation distances by the relevant time intervals, vary from 341 to 412 m s −1 , with a mean velocity of 369 m s −1 . A second TID was observed using the GPS network in northwest China. It is seen in Fig. 3a that traveling ionospheric perturbations occurred during the period 04:40-05:30 UT and are characterized by a TEC amplitude of up to 0.6 TECU and an average period of 23 min. Because of the difference in periods, this TID appears to be different from that observed by ARTU. An obvious time delay among the series is seen in Fig. 3a , indicating that the perturbations were propagating away from the blast site. The perturbation amplitude decreased from 0.6 TECU at the XJWQ station to 0.3 TECU at XJKE. This implies severe dissipation of the perturbation amplitude during the propagation of the wave. The perturbation is not noticeable at XJRQ and QHTT. This indicates that the TID did not reach the observational range of them. It is noted from Fig. 3a that some perturbations occurred before 04:40 UT. These perturbations were not identified as a TID event, because there is no regular phase propagation among the TEC series from different stations. Figure 3b shows that two phase fronts appeared in the distance-UT plane, which were observed at ∼ 2500-3100 km from the meteorite blast site. The TID's propagation velocity measured by calculating the slope of the phase fronts is on average 410 m s −1 . Figure 4 presents temporal variations of the propagation azimuth, horizontal phase velocity, and period for the second TID we observed in China. Temporal variations of the parameters were obtained by applying a multi-channel maximum entropy method (MMEM) to the TEC time series observed by three Chinese GPS stations: XJSH (44.2 • N, 86.1 • E), GUAO (43.5 • N, 87.2 • E), and XJWL (42.9 • N, 86.7 • E). The locations of these stations are marked as blue dots in Fig. 1 . MMEM is a statistical spectral analysis technique, which can generate superior-resolution spectral estimates of any measure from a given system by autoregressive fitting. For a detailed description of MMEM, refer to Ulrych and Bishop (1975) and Strand (1977) . The method had been adopted previously in our works of ionospheric disturbances analysis (Wan et al., 1998; Ding et al., 2007) . A running time window of 30 min was used during the calculation. A detailed introduction of this method can be found in Ding et al. (2004 Ding et al. ( , 2011 . It is shown in Fig. 4 that the propagation parameters of the second TID remains largely unchanged during 04:57-05:30 UT. The small variation of the wave parameters implies that there was a steady wave field pass by during this period. The average values of the period, velocity, and azimuth were generally consistent with those obtained from Two TIDs were observed following the meteorite blast. The first TID was observed to propagate radially from the source with the range of at least 270-600 km, and it was not noticed by the Chinese stations; the second one was observed at ∼ 2500-3100 km from the source, in northwest China. Although there is a dense GPS network in the east of China, no TIDs were observed there (not shown in figures). The first TID we observed, which propagated with a period of 12 min and at a velocity of 369 m s −1 , was first reported by Gokhberg et al. (2013) , although they did not estimate its propagation parameters. Yang et al. (2014) also analyzed the GPS data from the ARTU station and addressed the same TID as we did. Generally, when a large explosion occurs, a shock wave expanding in all the directions can be expected. Such a radially propagating TID was observed in the present study (see Fig. 2c ). The propagation range of the first TID seems to be limited to several hundred kilometers from the blast site. This may be because the dissipation of the TID's amplitude limits its propagation range. Although the dissipation of amplitude of the first TID cannot be directly observed because of the limited number of stations in the near-field of the blast site, strong dissipation of shock waves excited by other sources, such as rocket launches, has previously been addressed (Ding et al., 2014) .
Note that the second TID was not observed by the ARTU station, the nearest GPS station to the blast site. The second TID discussed in the present study was previously observed elsewhere in other directions with respect to the blast site. Using the backscatter radar in Chelyabinsk, Berngardt et al. (2013) observed a TID that propagated at 1500-4000 km north of the blast site. The TID they observed was characterized by a period and a propagation velocity of 20 min and 350 m s −1 , respectively. Based on observations by GPS receivers in central Asia, Yang et al. (2014) observed a southwards-propagating TID at 1500 km south of the blast site; they estimated its period and velocity at 24-60 min and 363 m s −1 , respectively. The periods and velocities obtained by Berngardt et al. (2013) and Yang et al. (2014) are close to those we derived from our observations. This indicates that the second TID in the present study might have been propagated radially away from the blast site in different directions, across a much wider area than was observed. However, this does not allow us to interpret the second TID as having been excited directly by the blast in the near-field area of the blast site. As shown in Fig. 3b , the second TID was observed at ∼ 2500-3100 km from the meteorite blast site. If the TID had been propagated directly from the blast site, it would have caused TEC perturbations with large amplitude in the area within 2500 km. However, although there were some observations of slant TEC whose ionospheric pierce points went across the area within 2500 km, such TIDs were not observed within that range. Hence, our observation did not show any evidence that the second TID and the first one were the same event.
A possible interpretation of the second TID is that it may be a secondary wave excited by the first TID, which was observed by ARTU. As shown in the last section, the first and second TIDs had the maximum absolute amplitudes of 0.35 and 0.6 TECU, respectively. While the second TID had an absolute amplitude larger than that of the first TID, its relative amplitude was smaller than that of the first one. According to GIM data, during the time of the TID propagation, the background TEC is averaged at ∼ 13 TECU at ARTU and ∼ 27 TECU in northwest China. As the first and the second TIDs had absolute amplitudes of 0.35 and 0.6 TECU, their relative amplitudes were 2.7 and 2.2 %, respectively. Excitation of a secondary wave had been reported by Breitling and Kupferman (1967) , who used globally distributed ionosondes to observe TIDs following nuclear detonations and found that the shock waves excited by the explosions might eventually degenerate into several waves that could be observed at large distances as TIDs. Using the GPS network, Calais and Minster (1996) analyzed the TIDs associated with a space shuttle ascent and concluded that the launch excited a shock wave, followed by secondary wave excited by the shock. Recently, Vadas and Liu (2009) used modeling to conclude that the dissipation of medium-scale gravity waves could generate secondary waves in the thermosphere, which is consistent with our interpretation. However, observational evidence for such an interpretation remains to be obtained.
Comparison of TIDs excited by the meteorite blast with TIDs excited by nuclear explosions
As regards the energy release, the Chelyabinsk meteorite's blast (∼ 500 kt of TNT; Borovička et al., 2013) did not exceed the equivalent releases of most man-made nuclear explosions in the troposphere. Nuclear explosions that were detonated as weapons tests took place mainly in the 1950s and 1960s before the Partial Nuclear Test Ban Treaty was signed. During those years, atmospheric and ionospheric disturbances that were possibly excited by these explosions were studied extensively through observations of globally distributed microbarographs and ionosondes, respectively (Yamamoto, 1954; Donn and Ewing, 1962; Wickersham, 1966) . As meteorite blasts happen only rarely, it is most convenient to compare our results with those early observations in the context of possible propagation mechanisms of the ionospheric disturbances. According to the early observations, following nuclear explosions the microbarographs recorded acoustic waves in the air pressure with periods ranging from 0.5 to 9 min and velocities near the sound velocity. These waves propagated globally in the troposphere (Carpenter et al., 1961; Donn and Ewing, 1962) . A thermal waveguide in the troposphere was invoked to account for this global propagation. In the ionosphere, TIDs with estimated velocities ranging widely from 50 to 900 m s −1 were observed as perturbations in the critical frequency of the F2 layer (foF2; Breitling and Kupferman, 1967) . Note that the observations might be biased by the sparse geographical distribution of the ionosondes and the long sampling time intervals. The periods of the TIDs could not be identified because the ionosondes at that time routinely provided ionograms at time intervals of 1 h. Alternatively, some authors compared their data with theoretical dispersion-curve results to estimate the ducted wave modes that could possibly support global TID propagation. These ducted modes were generally sustained by the large vertical temperature gradient at the bottom of the thermosphere (Hunsucker, 1982) . A typical study was published by Wickersham (1966) , who used the ionosonde network in Europe to monitor the ionospheric disturbances after a nuclear explosion equivalent to 50 Mt of TNT at Novaya Zemlya on 30 October 1961. Wickersham (1966) observed TIDs at ∼ 1300-4400 km from the explosion site and proposed several acoustic ducted modes (with periods of less than 10 min) as well as gravity-wave ducted modes (with longer periods) to account for the propagation mechanisms. However, Hines (1967) analyzed the same database and concluded that, concerning the oblique propagation of wave energy, the identification of acoustic modes was not validated due to contrast between observations and the theory, while the interpretation of the TIDs as gravity-wave modes was consistent with the observations. These observations indicate that nuclear explosions could excite TIDs, which then probably propagated globally according to gravity-wave ducted modes. However, such global TID propagation was not observed following the Chelyabinsk meteorite blast in the present study. Two TIDs associated with gravity waves were observed after the blast. The first TID was observed to propagate at least 270-600 km from the source, and it was not noticed by the Chinese stations which are more than 1500 km away; the second one was observed at ∼ 2500-3100 km from the source, in northwest China. Neither of them have been observed by the dense GPS network or the ionosonde chain in the east of China (not shown in figures).
A reasonable explanation is that the energy release of the Chelyabinsk meteorite blast is not large enough to excite such global-scale ionospheric disturbances. The energy release of the nuclear explosions mentioned in the above reference ranges from 1.4 to 50 Mt of TNT (see Table 4 of Breitling and Kupferman, 1967) . This is much larger than the 500 kt of energy release during the Chelyabinsk meteorite blast (Borovička et al., 2013) .
Theoretical analysis also does not support the longdistance propagation of TIDs excited during meteorite blast. Given the observed periods and velocities, the TIDs we obtained were of medium scale. According to the simulations of Francis (1975) and , while large-scale TIDs can propagate long distances in ducted modes, medium-scale TIDs always propagate as freely propagating internal waves and suffer more dissipation. Such severe dissipation of amplitudes can be seen in our results (Fig. 3a ). An idealized ducted mode in the thermosphere requires that the background conditions remain unchanged during TID propagation. Considering the large temporal and spatial variations in a realistic thermosphere, medium-scale TIDs face more difficulty in propagating in a ducted mode than their largescale counterparts because of the low velocities and their long propagation durations. The dissipation of medium-scale TIDs that we measured has been predicted by the transferfunction modeling work of Mayr et al. (1990) , who found that low-speed gravity waves with short periods are affected by increased energy attenuation. It is also implied from the above analysis that it may be the large-scale TIDs that were excited by the energetic nuclear explosions in 1950-1960s and caused the global perturbations in foF2.
Nevertheless, Yang et al. (2014) reported global TID propagation during the same meteorite blast event. Based on data from a dense GPS network in North America, Yang et al. (2014) observed a TID over North America ∼ 3 h after the blast. The TID propagated westwards with a period and velocity of 2-6 min and 733 m s −1 , respectively. Such a TID was not observed after the blast elsewhere in the world, particularly not in those regions covered by dense GPS networks, such as China (the present work) and Japan (Yang et al., 2013) . Although the global propagation of acoustic waves in the troposphere was observed by ground-based in-F. Ding et al.: TIDs following a meteorite blast frasound sensors (Pichon et al., 2013) , global-scale propagation of TIDs associated with acoustic waves in the ionosphere has not been reported to date. According to theoretical calculation, TIDs characterized by such scales would suffer from considerable dissipation and propagate in a limited range (Hines, 1967; Mayr et al., 1990) . In fact, dissipation of acoustic waves in the ionosphere has been observed by Ding et al. (2014) , who found that TIDs associated with acoustic waves excited by rocket launch have a maximum propagation range of no more than 1500 km. Based on above analysis, the relation between the TID observed over North America (Yang et al., 2014) and the meteorite blast in Chelyabinsk remains to be identified.
Summary
This paper reports GPS-network observations of TIDs that were possibly excited by the large meteorite blast over Chelyabinsk, Russia, on 15 February 2013. The observations were conducted through 75 GPS stations in northwest China and central Asia. We observed two TIDs, which occurred 13 min and 1.5 h after the meteorite blast. The first TID was observed 270-600 km from the blast site, propagating radially from the site with a mean velocity and period of 369 m s −1 and 12 min, respectively. The second TID was observed in northwest China 1.5 h after the meteorite blast, at ∼ 2500-3100 km from the blast site. This latter TID propagated southeastwards with a velocity and period of 410 m s −1 and 23 min, respectively. During the passage of the TID, severe dissipation of the TEC perturbation amplitudes was observed. The second TID was previously observed elsewhere in other directions. This indicates that the TID might propagate radially away from the blast site in different directions, across a much wider area than was observed.
We did not find any TIDs propagating in a global range after the meteorite blast. This is different from early results that TIDs propagated globally following nuclear explosions. Because the energy release of the Chelyabinsk meteorite blast (∼ 500 kt of TNT) was considerably smaller than those of the nuclear explosions (1.4 to 50 Mt of TNT), we estimated that the energy release of the Chelyabinsk meteorite blast might not be large enough to excite such ionospheric disturbances in a global range as some nuclear explosions have done.
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